1 Pharmacological studies of a7 nicotinic acetylcholine receptors are confounded by the fact that rapid desensitization to high agonist concentration causes a7 peak responses to occur well in advance of complete solution exchange. For this reason, peak currents are an invalid measure of response to applied agonist concentrations. We show that results comparable to those that have been corrected for instantaneous concentration are obtained if net charge is used as the measure of receptor response. 2 Dose response curves obtained with these methods indicate that a7 receptors are approximately 10 fold more sensitive to agonist than previously reported. The agonists, ACh, choline, cytisine, GTS-21, 4OH-GTS-21 and 4-MeO-CA have the same rank order potency for both human and rat receptors: 4-MeO-CA 4 4OH-GTS-21 4 GTS-21 4 cytisine 4 ACh 4 choline. However, dierences in ecacy exist between rat and human receptors. GTS-21 is more ecacious for rat than human a7 receptors and cytisine more ecacious for human than rat a7 receptors. 3 Choline is the least potent agonist for both human and rat a7, with a potency approximately 10 fold lower than that of ACh. While the EC50 for the activation of a7 receptors by choline (400 ± 500 mM) is outside the normal physiological range (10 ± 100 mM), choline can nonetheless produce detectable levels of channel activation in the physiological concentration range. Since these concentrations are relatively non-desensitizing, the contribution of choline-activated a7 receptor current may play a signi®cant role in the regulation of calcium homeostasis in a7-expressing neurons.
Introduction
Neuronal nicotinic acetylcholine receptors of the a7 subtype have been proposed to represent a therapeutic target for treating a number of CNS disorders, including schizophrenia and Alzheimer's disease (Lindstrom, 1997) . This has led to the drive for creating selective agonists for this potentially important receptor. However, a7-type nAChRs possess a unique form of concentration-dependent rapid desensitization, which creates a special challenge for the pharmacological characterization of these receptors (Papke & Thinschmidt, 1998) .
A conventional analysis of agonist ecacy and potency relies on determining the relationship between agonist concentration and some measure of functional response, typically the peak of an evoked current in a voltage-clamp experiment. Many such analyses have been published utilizing the Xenopus oocyte expression system. The most important underlying assumption of such a concentration-response analysis is that the response which is measured correctly corresponds to the activation produced by the concentration of the drug which was applied. We have previously shown that activation of more receptors, simply through the better synchronization of roughly equivalent populations of receptors (Papke & Thinschmidt, 1998) . The stimulation of brief transient responses during a steep ramp in agonist concentration is not unique to a7 receptors expressed in Xenopus oocytes, but is also seen in a7 responses of acutely dissociated neurons under conditions when the speed of the concentration ramp is 1000 fold more steep than in oocyte experiments, arguing that this rapid desensitization is an agonist concentration-dependent property that is intrinsic to the native receptor (Papke et al., 2000a) .
Essentially all published reports of a7 receptor pharmacology, including work done in our lab (Meyer et al., 1998b) , make the false association between peak currents as a measure of response and the applied agonist concentration. This false assumption yields concentration-response functions that typically underestimate the eective concentrations by an order of magnitude. Thus a7 receptors have regularly been described as low anity receptors (Seguela et al., 1993) . It is true that a7 receptors do not adopt a high anity desensitized conformation common to beta subunit-containing nAChR, so they are not detected in nicotine binding experiments. However, when concentration-response functions are corrected for the eects of rapid desensitization, we determine that the EC 50 of ACh (acetylcholine) for a7 receptors is roughly equivalent to that of the putative highanity receptors. This is an important observation since it resolves the paradox that the concentrations of a7 agonists which were most eective in certain in vitro assays were also much lower than the previous estimates of EC 50 values based on measurements of peak responses.
In this paper we revisit the basic issue of agonist potency for the activation of a7 nAChR. Our previously published method for concentration correction is a dicult method to use, since it requires careful calibrations of solution delivery and¯ow dynamics, as well as precise control of drug delivery and¯ow rates. In this study we demonstrate that the relatively simple measurement of net charge accumulation over the entire duration of a drug delivery produces results that are essentially equivalent to those generated by more complicated concentration-correction methods. Net charge represents the time integration of all the channel activation that occurs in response to a drug application. Similar methods have been applied to the analysis of the a7-mediated responses of cultured hippocampal neurons and acutely dissociated hypothalamic neurons (Mike et al., 2000; Papke et al., 2000a) . Through the use of net charge analysis we see that the principal eect of applying high concentrations of agonist to a population of a7 receptors is to increase the synchronization of channel activation, not the total amount of channel activation. That is, channels appear to open most readily when the concentration is in a certain range. Applications of high concentration of agonist produce a steep concentration gradient, which in turn allows larger peak currents to be observed. When lower concentrations are applied the range of optimal concentration becomes temporally broader. We note that with the application of high agonist concentration, the moment of synchronized activation (i.e. the peak current) occurs well in advance of the time when the full concentration of the drug is present in the chamber.
The drugs used in these experiments include the therapeutically relevant a7-selective partial agonist -anabaseine]) and its active metabolite 4OH-GTS-21 ([3-(4-hydroxy-2-methoxybenzylidene)-anabaseine]) (Meyer et al., 1998a) . We con®rm that these drugs discriminate between the rat and human a7 receptor subtypes. We also include a characterization of cytisine and an anabaseine derivative, 4MeO-CA ([3-(4-methoxycinnamilidene)-anabaseine]), which has previously only been studied with rat a7 receptors (Meyer et al., 1998b) .
Methods

Preparation of RNA
The rat a7 clone was obtained from Dr Jim Boulter (UCLA) and the human a7 clone was provided by Dr Jon Lindstrom (University of Pennsylvania). After linearization and puri®ca-tion of cloned cDNAs, RNA transcripts were prepared in vitro using the appropriate mMessage mMachine kit from Ambion Inc. (Austin, TX, U.S.A.).
Expression in Xenopus oocytes
Mature (49 cm) female Xenopus laevis African toads (Nasco, Ft. Atkinson, WI, U.S.A.) were used as a source of oocytes. Prior to surgery, frogs were anaesthetized by placing the animal in a 1.5 g l 71 solution of MS222 (3-aminobenzoic acid ethyl ester) for 30 min. Oocytes were removed from an incision made in the abdomen.
In order to remove the follicular cell layer, harvested oocytes were treated with 1.25 mg ml 71 collagenase from Worthington Biochemical Corporation (Freehold, NJ, U.S.A.) for 2 h at room temperature in calcium-free Barth's solution (mM: NaCl 88, HEPES pH 7.6 10, MgSO 4 0.33, gentamicin sulphate 0.1 mg ml
71
). Subsequently, stage 5 oocytes were isolated and injected with 50 nl (5 ± 20 ng) each of the appropriate subunit cRNAs. Recordings were made 5 to 15 days after injection. Chemicals 4MeO-CA was provided by Dr John Zoltewicz (University of Florida, U.S.A.). GTS-21 and 4OH-GTS-21 were provided by Taiho Pharmaceuticals (Tokyo, Japan). All other chemicals for electrophysiology were obtained from Sigma Chemical Co. (St. Louis, MO, U.S.A.). Fresh acetylcholine stock solutions were made daily in Ringer's solution and diluted.
Electrophysiology
Oocyte recordings were made with a Warner Instruments (Hamden, CT, U.S.A.) OC-725C oocyte ampli®er interfaced to either a Macintosh or Gateway personal computer. Data were acquired using Labview software (National Instruments) or pClamp8 (Axon Instruments). Sampling rates were between 10 and 20 Hz and the data were ®ltered at 6 Hz. Oocytes were placed in a Warner RC-8 recording chamber with a total volume of about 0.6 ml and perfused at room temperature with frog Ringer's solution (mM: NaCl 115, KCl 2.5, HEPES pH 7.3 10, CaCl 2 1.8) containing 1 mM atropine to inhibit potential muscarinic responses. A Mariotte¯ask ®lled with Ringer's solution was used to maintain a constant hydrostatic pressure for drug deliveries and washes. Drugs were diluted in perfusion solution and loaded into a 2 ml loop at the terminus of the perfusion line. A bypass of the drug-loading loop allowed bath solution to¯ow continuously while the drug loop was loaded, and then drug application was synchronized with data acquisition by using a two-way electronic valve. The rate of bath solution exchange and all drug applications was 6 ml min
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. Current electrodes were ®lled with a solution containing (mM:) CsCl 250, CsF 250, EGTA 100 and had resistances of 0.5 ± 2 MO. Voltage electrodes were ®lled with 3 M KCl and had resistances of 1 ± 3 MO.
The solution exchange pro®le shown in Figure 1 was generated by averaging 12 open tip voltage measurements of junction potential when 2 ml of 115 mM CsCl was introduced into the recording chamber using the drug loop. A small baseline correction was made to compensate for the drift in the oset potential cause by contamination of the electrode solution with CsCl.
Experimental protocols and data analysis
Current responses to drug applications were studied under two-electrode voltage clamp at a holding potential of 750 mV. Holding currents immediately prior to agonist application were subtracted from measurements of the peak response to agonist. All drug applications were separated by wash periods of 5 min. Each oocyte received two initial control applications of 300 mM ACh, then an experimental drug application, and then a follow-up control application of 300 mM ACh.
Responses to experimental drug applications were calculated relative to the preceding ACh control responses in order to normalize the data, compensating for the varying levels of channel expression among the oocytes. Means and standard errors (s.e.m.) were calculated from the normalized responses of at least four oocytes for each experimental concentration. The application of some experimental drugs caused the subsequent ACh control responses to be reduced, suggesting some form of residual inhibition (or prolonged desensitization). In order to measure the residual inhibitory eects, this subsequent control response was compared to the preapplication control ACh response.
For concentration-response relations, data derived from net charge analyses were plotted using Kaleidagraph 3.0.2 (Abelbeck Software; Reading, PA, U.S.A.), and curves were generated from the Hill equation (Figure 1) . A duration signi®cantly longer than the open-tip pulse duration was chosen since we have previously shown that diusion to the back side of the oocyte is relatively slow but essentially complete after two pulse durations (Papke & Thinschmidt, 1998) . Data collected using Labview were analysed for net charge using a worksheet template in Microsoft Excel 98. Data were ®rst adjusted to account for any baseline oset by subtracting the value of the ®rst data point in a set from all succeeding data points. Baseline reference was also corrected 
Determination of full concentration intervals
We have previously characterized solution exchange in our experimental chambers based on junction-potential measurements (Papke & Thinschmidt, 1998) . As shown in Figure 1 , the time course of solution exchange, as measured by opentip recording of junction-potential changes in the bath, is reasonably well-synchronized with the pro®le of an a7 response to 30 mM ACh. Therefore, we used data obtained in response to the application of 30 mM ACh to cells expressing rat a7 nAChR to de®ne that interval of time when the response corresponded to maximal agonist concentration. Speci®cally, the responses of 4 cells to the application of 30 mM ACh were averaged and used to generate a normalized average net charge response to 30 mM ACh. We determined the range of that response which included the median+one standard deviation in order to de®ne a time period of maximal concentration, that is, when the concentration in the bath was closest to the actual concentration applied. By de®nition, 68% of the net charge in the averaged response to the application of 30 mM ACh accumulated during this interval. This interval, which is marked in Figure 1A , encompasses a range around the time of the peak solution exchange predicted by open-tip junctionpotential measurements. Figure 1 shows the rate at which experimental solutions¯ow into our Warner recording chambers (solution-exchange pro®le, based on junction-potential measurements, see methods) compared to the kinetics of a7-mediated responses. Responses to 30 mM ACh and 3 mM ACh have been scaled to the same amplitude for comparison to the CsCl open-tip recording, which was made in the same chamber. Responses of a7 receptors to the application of agonist at high concentrations were much faster than the kinetics of solution exchange. While the peak of the 30 mM ACh response was well-coordinated with the solution-exchange pro®le, the 3 mM response returned to baseline by the time that the concentration of ACh in the chamber reached 3 mM.
Results
Typically, whole-cell responses of ligand-gated ion channels are characterized by their peak amplitudes. An alternative measure of response is net charge (area under the curve), which is an integration of current over time and thus re¯ects the total amount of channel activation in response to a drug application. Measurements of net charge are unaected by the amount of synchronization of channel opening that occurs with rapid change in agonist concentration. The channel openings stimulated by the application of 30 mM ACh occurred over the entire duration of the agonist application, so that the majority of the net charge accumulated during the time agonist concentration was near maximal (see Methods). However, when 3 mM ACh was applied, nearly all of the current¯owed during the leading edge of the solution exchange, when the concentration in the chamber was much lower than the applied concentration.
The fact that during the application of high concentration of agonist charge accumulated before the full concentration of agonist was delivered to the bath suggested that at the full high concentration, agonist preferentially inhibited or desensitized the receptors. In order to quantify how high concentrations of ACh promote channel inactivation or desensitization, we measured the percentage of the total net charge which accumulated during the time when concentration was near maximal. As shown in Figure 1B , the fraction of the net charge which accumulated during the interval of full concentration decreased as a function of the agonist concentration applied. A curve ®t of the data in Figure 1B suggested that high concentrations of ACh selectively promoted deactivation or desensitization, with an IC 50 value of approximately 68 mM and a Hill slope of 71. For the comparison of relative amplitude and areas, Figure 2A shows the responses of a Xenopus oocyte expressing rat a7 receptors to ACh applied at varying concentrations. The amplitude of the peak response to 3 mM ACh was 16 fold larger than the peak response to 30 mM. However, the amount of total activation produced by the application of 3 mM ACh to the bath, calculated by the measurement of net charge, was no more than 2 fold larger than that produced by the application of 30 mM ACh. This relation is evident by visual inspection of the areas under the respective traces.
A comparison of the apparent concentration-response relationships for ACh activation of peak currents and net charge through rat a7 receptors is shown in Figure 3 (see Table 1 for curve ®t values). The plot of net charge shows that maximal channel activation was achieved with the application of 300 mM ACh and that the application of concentrations greater than 300 mM produced no larger response. However, by producing channel activation in a progressively more synchronous manner, the application of ACh at concentrations greater that 300 mM led to larger peak currents. As shown in Figure 1 , these peak currents occurred when agonist concentration in the chamber was still relatively low, producing an erroneous representation in the concentration-response relationship for peak currents. This misrepresentation results in a very high value being ®t for the EC 50 in such plots (4500 mM, Table 1 ). This error is not present in the net charge analysis.
Normal Ringer's solution contains 1.8 mM calcium, and it is known that calcium entry through a7 receptors can have the eect of activating calcium-dependent chloride channels. Calcium is also important for the normal functioning of nAChR (Adams & Nutter., 1992; Amador & Dani, 1995; Bonfante-Cabarcas et al., 1996; Vernino et al., 1992) . Since it was important to maintain the presence of this physiologically important ion, we determined whether the presence of calcium-dependent chloride currents would compromise our net charge analysis of a7 pharmacology. The substitution of barium for calcium is eective at reducing the chloride component of the a7 activation-associated responses. We have previously reported that although recording a7-mediated responses in barium-substituted Ringer's greatly reduced the absolute magnitude of the responses, it did not alter the eect of concentration on the relative amplitude of peak responses (Papke et al., 1997) . In order to validate net charge analysis under the physiologically relevant condition of 1.8 mM calcium, we compared net charge calculations made in normal Ringer's and in barium-substituted Ringer's. Representative responses of cells expressing rat a7 receptors to varying concentrations of ACh, and recorded in bariumsubstituted Ringer's, are shown in Figure 2B . Currents were smaller in the barium-substituted Ringer's, but the other essential concentration-dependent features of the responses were relatively unchanged. In normal Ringer's, a sample of twelve 300 mM ACh control responses had an average amplitude of 635+136 nA and net charge of 21+5 nCoulombs. In barium-substituted Ringer's, 300 mM ACh responses had an average amplitude of 224+24 nA and a net charge of 13+3 nCoulombs (n=4). Barium substitution therefore had a somewhat greater eect on peak amplitude (65% reduction) than net charge (40% reduction). However, although diering somewhat in wave form, because each group was normalized based on respective internal controls, the basic relationships between peak amplitudes and net charge as functions of agonist concentration applied were essentially unaected by the barium substitution. As shown in Figure 3 , normalized net charge values showed no dierence between the calcium and barium groups over the entire range from 10 mM to 3 mM ACh.
Analysis of net charge was applied to two drugs we previously identi®ed as a7-selective partial agonists, GTS-21 and 4OH-GTS-21. These drugs were evaluated on both human and rat a7 receptor clones expressed in Xenopus oocytes and compared to ACh responses. The results are shown in Figure 4 . As illustrated by the raw data traces in Figure 4A , although these drugs dier from ACh in both potency and relative ecacy (compared to ACh), the a7 receptor-mediated responses to these drugs show concentration-dependent kinetic features which are similar to AChevoked responses. Therefore we applied the same method of net-charge analysis to the characterization of these drugs. Our results suggest that the EC 50 values for these experimental drugs are roughly an order of magnitude lower than previously estimated (Table 1, compare with Table 3 ). Our results con®rm that GTS-21 has a lower ecacy for human receptors than for rat a7 receptors, though perhaps not as low as previously estimated by measurements of peak currents (Briggs et al., 1997; Meyer et al., 1998a) . The 4-hydroxy metabolite of GTS-21 has a greater ecacy and potency than the parent compound for both the human and the rat receptors. Subsequent to activation by GTS-21, a7 receptors exhibited residual inhibitory desensitizing eects that caused there to be a decrease in subsequent ACh control responses (regardless of whether measured by peak or area). Inhibitory activity was much less with 4OH-GTS-21 and largely absent with ACh ( Figure 4C ,D, Table 2 ). These observations have been previously reported (Meyer et al., 1998a) . However, based on the previous estimate of EC 50 , this inhibitory activity would have been expected in the same concentration range as maximal activation. The present analysis indicates that higher concentrations of GTS-21 are required to produce residual inhibition than are required to activate the receptors optimally. The ratio of IC 50 to EC 50 is approximately nine for rat a7 receptors and 14 for human a7 receptors. Previous estimates of these ratios were 0.3 and 0.7, respectively.
As shown in Figure 5A , the responses of a7 receptors to choline, cytisine, and the cinnamylidene-anabaseine compound 4MeO-CA have the same concentration-dependent kinetic features as the responses to ACh and the GTS-21 compounds (Figure 4) . Choline has been identi®ed as an a7-selective agonist but has not previously been thoroughly characterized on both human and rat a7 receptors. Net charge analysis ( Figure 5B -E) indicates that choline is fully ecacious with both human and rat receptors (compared to ACh controls, Table 1 ). Although EC 50 values estimated for choline were relatively high, about 10 fold higher than for ACh, it is interesting to note that choline produced clearly detectable responses at concentrations of 30 mM or less. Responses to 30 mM choline were 6+2% and 12+6% of the maximal net charge responses for rat and human a7 receptors, respectively. Additionally, choline produced essentially no residual inhibition of subsequent ACh responses over the entire concentration range tested.
Cytisine has been reported to be an eective agonist on chicken (Bertrand et al., 1992) and human a7 receptors (Chavez-Noriega et al., 1997; Houlihan et al., 2001) , however, data regarding its eects on rat a7 receptors are limited (Seguela et al., 1993) . A net charge analysis of cytisine's eects on both human and rat a7 receptors indicates that this agonist has similar potency for both of these receptors but lower ecacy for rat than human a7 ( Figure 5B ± E) .
Cinnamylidene anabaseines have been identi®ed which appear to be selective full agonists of a7 receptors (de ®ebre et al., 1995; Meyer et al., 1998b) . We conducted net charge Figure 3 Comparison of concentration-response studies based on measurements of peak current amplitudes and net charge accumulation. Responses to varying concentrations of applied ACh were measured as peak currents and net charge. Oocytes expressing rat a7 receptors were tested for their responses to ACh. Both peak currents and net charge were measured (see Methods). Data from each response were normalized to the corresponding values for the control 300 mM ACh responses obtained before the preceding 5 min wash. Peak responses were initially measured relative to the 300 mM peak current and the values were subsequently scaled to the value for the maximum peak currents evoked by 3 mM ACh. Since the 300 mM control responses corresponded to the maximal net charge, net charge data are simply expressed relative to the 300 mM ACh responses. The ®lled diamonds represent net charge analysis conducted on cells recorded in normal calcium-containing Ringer's. The open diamonds represent data obtained in Ringer's solution which had 1.8 mM barium substituted for calcium. Pharmacology of rat and human a7AChR R.L. Papke & J.K. Porter Papkeanalysis of the cinnamylidene compound 4MeO-CA, which was previously characterized only with rat a7 receptors (Meyer et al., 1998b) . This compound was somewhat more ecacious with rat a7 receptors compared to human, with potency not signi®cantly dierent between the two. In regard to residual inhibition of subsequent ACh control responses, this compound was even more potent than GTS-21. However, as with GTS-21, the inhibitory activity was most pronounced in a concentration range higher than that which optimally activated the receptors. Speci®cally, the ratio of IC 50 to EC 50 is approximately 11 for rat a7 receptors and 15 for human a7 receptors (Figure 5B ± E).
Figure 4 Rat and human a7 AChR responses to ACh, GTS-21, and 4OH-GTS-21. (A)
The left-most set of raw data traces are representative responses of human a7 receptors to the application of 30 mM, 300 mM, and 3 mM ACh. The middle set are representative responses of rat a7 receptors to the application of 10, 30, and 100 mM GTS-21. The right-most set are representative responses of human a7 receptors to the application of 3, 10, and 100 mM 4OH-GTS-21. The raw data traces were scaled relative to the internal ACh controls in each oocyte. Additionally, since the agonists varied in ecacy, the GTS-21 and 4OH-GTS-21 data were given a further vertical scaling of 400% relative to the ACh control data. Each trace represents 90 s of recording. (B) The concentration-response relationships for net charge in the responses of oocytes expressing rat a7 AChR to ACh, GTS-21, and 4OH-GTS-21. All responses were normalized to net charge of the individual oocyte's response to 300 mM ACh applied 5 min before the experimental application. (C) The concentration-response relationships for net charge in the responses of oocytes expressing human a7 AChR to ACh, GTS-21, and 4OH-GTS-21. All responses were normalized to net charge of the individual oocyte's response to 300 mM ACh applied 5 min before the experimental application. (D) The residual inhibition of control (300 mM) ACh responses of rat a7-injected oocytes after the application of ACh, GTS-21, or 4OH-GTS-21 at the indicated concentrations. All responses were normalized to the individual oocyte's response to 300 mM ACh applied 5 min before the application of the experimental agonist. (E) The residual inhibition of control (300 mM) ACh responses of human a7-injected oocytes after the application of ACh, GTS-21 or 4OH-GTS-21 at the indicated concentrations. All responses were normalized to the individual oocyte's response to 300 mM ACh applied 5 min before the application of the experimental agonist. Note that for panels C and D, the data are based on the peak currents of the control responses since inhibition of ACh controls was re¯ected equally as decreases in peak and in area (not shown).
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Discussion
Conventional concentration-response analysis assumes that a known concentration is simultaneously achieved at all of the ion channels by the drug application system. It is clear that this assumption is not valid for a7 nAChR responses to the application of high concentrations of agonist. We previously proposed that a7 concentration-response functions could be corrected by extrapolating estimates of instantaneous concentration at the time of the peak responses from a careful study of solution exchange dynamics (Papke & Thinschmidt, 1998) . Although that method undoubtedly provided improved estimates of agonist potency, it was dicult to calculate the correction factor.
Demonstrably, the application of a concentration ramp has the eect of synchronizing channel opening without increasing the number of channel openings. Therefore we used time integration to provide estimates of net channel activation. We have previously used net charge analysis to show that EC 50 s and ecacy may be underestimated for agents which are mixed agonist-antagonists (de Fiebre et al., 1995; Papke et al., 1997; 2000b) . In the present study we show that when net charge analysis is used to study the pharmacology of a7 nAChR, results are comparable to those obtained with concentration-correction methods (compare values in Table  1 ). We show that results obtained with net charge analysis are relatively unaected by the details of the recording methods and thus this method may be easily used by other groups studying this receptor.
In a sense, the use of net charge as a measure of response is more like a study of dose-response than concentrationresponse, since it accepts the eects of pharmacokinetics, measuring response during the change in drug concentration, not just under the conditions of maximum concentration. Analyses of a7 responses based on peak currents frequently *This value was given in a table and no supporting data was provided. The relative ecacy of other agonists were shown but cytisine data was also omitted from that ®gure. b Meyer et al., 1998b. show response curves that fail to reach a well de®ned maximum (see Figure 3) . Our net charge data show that there is a true plateau in the dose-response function of a7 receptors, and that maximum total amount of channel opening is obtained with relatively low agonist concentrations. This is consistent with the hypothesis that increases in peak amplitude represent synchronization, not increases in activation. When a bolus of drug is applied to the chamber, it is the nature of the a7 receptor to respond within a narrow range of concentration. If the concentration ramp is steep, then the maximal activation is synchronized within that narrow range of concentration on the rising edge of the drug application. Previous studies of a7 receptor pharmacology from our own laboratory and many others have been based on the same false association between peak response and applied concentration. Published estimates for the ACh EC 50 of a7 receptors (Table 3) average about 200 mM and range from 107 ± 334 mM. Most of these estimates were obtained from Figure 5 Rat and human a7 AChR responses to 4-MeO-CA, cytisine and choline. (A) The left-most set of raw data traces are representative responses of human a7 receptors to the application of 100 mM, 1 mM, and 10 mM choline. The middle set are representative responses of human a7 receptors to the application of 1, 3, and 30 mM 4-MeO-CA. The right-most set are representative responses of human a7 receptors to the application of 3, 30, and 300 mM cytisine. The raw data traces were scaled relative to the internal ACh controls in each oocyte. Additionally, since the agonists varied in ecacy, the 4MeO-CA and cytisine data were given a further vertical scaling relative to the ACh control data of 500 and 200% respectively. Each trace represents 90 s of recording. (A) The concentration-response relationships for net charge in the responses of oocytes injected with RNA coding for the rat a7 subunit to 4-MeO-CA, cytisine and choline. All responses were normalized to net charge in the individual oocyte's response to 300 mM ACh applied 5 min before the experimental application. (B) The concentration-response relationships for net charge in the responses of oocytes injected with RNA coding for the human a7 subunit to 4-MeO-CA, cytisine, and choline. All responses were normalized to net charge in the individual oocyte's response to 300 mM ACh applied 5 min before the experimental application. (C) The residual inhibition of control (300 mM) ACh responses of rat a7-injected oocytes after the application of 4-MeO-CA, cytisine, and choline at the indicated concentrations. All responses were normalized to the individual oocyte's response to 300 mM ACh applied 5 min before the application of the experimental agonist. (D) The residual inhibition of control (300 mM) ACh responses of human a7 injected oocytes after the application of 4-MeO-CA, cytisine, and choline at the indicated concentrations. All responses were normalized to the individual oocyte's response to 300 mM ACh applied 5 min before the application of the experimental agonist. Note that for panels C and D, the data are based on the peak currents of the control responses since inhibition of ACh controls was re¯ected equally as decreases in peak and in area (not shown).
experiments on Xenopus oocytes, but even the values based on the responses of cultured neurons and transfected HEK cells have estimated the ACh EC50 to be greater than 100 mM. Analysis of net charge lowers the estimate for the ACh EC 50 by at least a factor of ®ve, belying the concept that a7 is a receptor subtype with low anity for activation.
Just as the erroneous association between peak response and applied concentration equally impacts estimates based on slow oocyte responses and rapid neuronal responses, net charge analysis can be applied equally well across such diverse time scales. In the present study, which involved a calculation of net charge over a 90 s period, with a time constant for drug application of approximately 6 s, we estimated the EC 50 of 4OH-GTS-21 to be 1.6+0.2 mM with a Hill coecient n=2.1+0.4. In experiments with acutely dissociated hypothalamic neurons, under conditions when the solution exchange was estimated to have a time constant of 5.6 ms, a ®t of the net charge response function for a time interval of 500 ms gave an estimated EC 50 of 1.6+0.6 mM for 4OH-GTS-21 with a Hill slope n=2.6+0.2 (Uteshev et al., 2002) . Nonetheless, important dierences were observed between the net charge analysis of oocyte responses and the responses of acutely dissociated neurons. Speci®cally, in the measurements of neuronal currents made on this rapid time scale, peak current amplitude increased monotonically and reached a plateau, while the curve for net charge was bellshaped, such that the application of higher agonist concentrations produced smaller net-charge responses. This is in contrast to the oocyte responses, where we see the net measurement reach a plateau, while peak current amplitudes seemingly can always be increased by applying steeper concentration ramps (Figure 3) . The fact that net charge measurements from the acutely dissociated neurons decrease with high agonist concentration applications is consistent with the idea that high levels of agonist occupancy are intrinsically inhibitory. We hypothesize that during the slow agonist applications to oocytes, the receptors can be in a range of optimal occupancy long enough to produce a maximal net charge response (limited by slow desensitization), while the time spent at the optimal level of agonist occupancy during the 5 ± 10 ms concentration ramp applied to the neuronal receptors is too brief for the cells to open as much as when a lower agonist concentration is applied for a longer period of time.
The fact that some essential features of the a7 response can be replicated on vastly dierent time scales supports the hypothesis that agonist concentration itself, and consequently fractional occupancy of multiple agonist binding sites, is what drives both activation and fast desensitization of a7 receptors. As homomeric pentamers, a7 receptors have as many as ®ve potential agonist binding sites. We have proposed that channel opening is most likely to occur when some, but not all, of these sites are bound by agonist (Papke et al., 2000a) . At saturating levels of agonist occupancy, the channels appear to close or preferentially desensitize. A similar model has been proposed for related homo-pentameric 5-HT3a receptors (Mott et al., 2001) . The 5-HT3a receptors show their most rapid desensitization when all agonist binding sites are bound by agonist, although for 5HT3a receptors both activation and desensitization are much slower than for a7 nAChR.
Detailed modeling of the concentration dependence of a7 receptor activation and inactivation/desensitization will require macroscopic current and single channel recording with extremely high temporal resolution and precise knowledge of solution exchange kinetics. Nonetheless, the oocyte data indicate that the macroscopic responses are shaped by at least two concentration-dependent processes, one for channel activation and the other for desensitization (or other forms of inactivation). Net charge analysis of rat a7 activation by ACh has an EC 50 of 30 mM (Figure 3) . As shown in Figure 1 , charge is accumulated throughout the application of 30 mM ACh, but with the application of higher ACh concentrations, the¯ow of charge is reduced once the full agonist concentration is achieved in the chamber (IC 50 =68 mM). In the case of these oocyte experiments, since the response kinetics of the a7 receptors are so rapid compared to rate of solution exchange, it may be possible to predict the amplitude of the current at multiple points during a concentration ramp as the product of the activation and inactivation factors at a particular concentration. Speci®cally, we computed a predicted fractional response as a function of concentration with the equation below, where the EC 50 =30 mM and IC 50 =68 mM.
À1
We modelled the concentration changes that would occur in response to various drug applications between 30 mM and 3 mM. We calculated the predicted concentration at 50 ms intervals, and using 6 s as the time constant of solution exchange, 64% of the asymptotic (i.e. full applied) concentration is obtained at the end of a 6 s interval. In Figure 6 we show how the response relationship given above predicts responses to the concentration ramps of varying steepness. The response curve for the 30 mM application continues to increase throughout the entire 6 s. In all other cases, the response reaches a maximum when the concentration is approximately 65 mM. This simple model predicts several of the qualitative features of the a7 receptor-mediated responses, including the timing of peak responses during the rising edge of a high concentration agonist application, and the ability of the receptor to generate a prolonged response to the application of a low concentration of agonist. The concept that low concentrations of agonist can promote relatively sustained activation of a7 supports the idea that this receptor may be a good therapeutic target. Several a7-selective agonists have been shown to be cytoprotective in a wide variety of assays including ischemic insults in vivo, trophic factor deprivation, and b-amyloid toxicity (Dajas-Bailador et al., 2000; Kaneko et al., 1997; Kihara et al., 2001; Li et al., 1999; Miao et al., 1998; Strahlendorf et al., 2001) . Since a7 receptors have a high permeability for calcium, net charge measurements can be equated to calcium signals, and the kinetics of the response re¯ect how that calcium signal will be integrated over time by the cell. We have shown that calcium uxes of similar magnitude, but occurring over dierent time scales, dier in how they aect intracellular signaling pathways (Li et al., 1999) . Concentrations of GTS-21 that are around the EC 50 for net charge accumulation are those concentrations which are most eective in assays of cytoprotection. Concentrations of GTS-21 that are 10 fold over the EC 50 can be cytotoxic to cells expressing a7 receptors. The cytoprotective dosages require several hours of drug exposure to be eective, suggesting the calcium signal is time-integrated over a extended period. In contrast, cytotoxic concentrations of GTS-21 require only a very brief exposure to the drug, suggesting that a calcium spike associated with time integration during the instant of drug application becomes a trigger for an apoptotic response (Li et al., 1999) . A similar high concentration of GTS-21, applied slowly, was not cytotoxic (Papke et al., 2000a) .
The development of new therapeutic agents frequently begins with studies of animal models for speci®c disease states, using rats or rodent cells in tissue culture. However, drugs which are developed with these animal models are intended ultimately for use in humans, and so it is important to know that drugs which are eective in animal models will also be useful for treating human disease. We previously reported that GTS-21, which could protect rodent-derived PC12 cells from b-amyloid toxicity, would not protect human-derived SK-N-SH cells from the same insult (Meyer et al., 1998a) . This was presumably due to the reduced ecacy of GTS-21 for human a7 receptors, since 4OH-GTS-21, which is more ecacious on human a7, was cytoprotective for both the rodent and the human cells. The present study reports for the ®rst time the eectiveness of 4MeO-Ca on human a7 receptors. Like 4OH-GTS-21, this agent does Figure 6 Response calculated as the product of activation and inactivation through the course of slow concentration ramps. Panels A ± E show the predicted slope of partial concentration change (thick grey line, Y axis on right hand side) that would be achieved over a period of 6 s, with a time constant of 6 s for solution exchange and the full (asymptotic) concentrations indicated at the top of the panels. The thin black lines in panels A ± E show the response function calculated at 50 ms intervals, predicted by the equation in the text. In panels C ± E the dashed arrows index the concentrations that correspond to the peak values in the predicted responses. (F) The response curves from panels A ± E have been inverted, superimposed, and vertically scaled by ratios of the peak responses experimentally observed in response to the application of ACh over the indicated range of concentrations. This family of curves strongly resembles the original whole cell oocyte currents.
British Journal of Pharmacology vol 137 (1)
Pharmacology of rat and human a7AChR R.L. Papke & J.K. Porter Papkenot seem to discriminate between human and rat a7 receptors to the same degree that GTS-21 does. However, in contrast to 4OH-GTS-21, 4MeO-Ca shows both agonist activity and a high degree of inhibitory activity. The study of these and other anabaseine derivatives may ultimately make it possible to design drugs with an optimal activity pro®le for use in treating human disease.
Previous studies of choline as an a7 agonist have utilized the rat receptor (Papke et al., 1996) or rodent tissue (Alkondon et al., 1997) . We show that human and rat a7 receptors are equally sensitive to choline. Although choline levels in human brain are unknown, choline levels in human plasma have been reported to range between 5 and 15 mM (Buchman et al., 2000; Fossati et al., 1994) , similar to levels reported for rats. Basal choline levels in rat brain are reportedly around 10 mM (Klein et al., 1992) , and with neurologic insults and trauma they may rise as high as 100 mM (Jope & Gu, 1991; Scremin & Jenden, 1991) . Therefore the range in which choline can begin to aect a7 receptors corresponds to physiological levels of choline in vivo. As revealed by net charge analysis, concentrations of choline as low as 30 mM can produce detectable amounts of a7 activation. Since, even at very high concentrations, choline does not appear to produce long-lived desensitization or inactivation, it is possible that the small activation produced by physiological choline concentrations might persist and represent a form of tonic activation that could then impact the calcium homeostasis of a7-expressing neurons.
In conclusion, our results provide an important reevaluation of the functional pharmacology of a7 receptors. It appears that these receptors are tuned by their unusual concentration-driven desensitization to function optimally in a narrow concentration range. When high concentrations of agonist are applied, activation is essentially transient during the time when the concentration is temporally optimal. Contrasting this transient activation to conditions when low agonist concentrations are present, we can identify two modalities of a7 receptor function. At least for some indications such as cytoprotection, it is the ability of low agonist concentrations to produce channel activation over a relatively long period of time that is likely to have the greatest therapeutic signi®cance.
